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Voltage-gated proton channels and NADPH oxidase function
cooperatively in phagocytes during the respiratory burst, when
reactive oxygen species are produced to kill microbial invaders.
Agents that activate NADPH oxidase also enhance proton chan-
nel gating profoundly, facilitating its roles in charge compensa-
tion and pH;, regulation. The “enhanced gating mode” appears
to reflect protein kinase C (PKC) phosphorylation. Here we
examine two candidates for PKC-6 phosphorylation sites in the
human voltage-gated proton channel, Hy1 (Hvcnl), Thr?® and
Ser®”, both in the intracellular N terminus. Channel phosphor-
ylation was reduced in single mutants S97A or T29A, and fur-
ther in the double mutant T29A/S97A, by an in vitro kinase
assay with PKC-8. Enhanced gating was evaluated by expressing
wild-type (WT) or mutant Hy/1 channels in LK35.2 cells, a B cell
hybridoma. Stimulation by phorbol myristate acetate enhanced
WT channel gating, and this effect was reversed by treatment
with the PKC inhibitor GF109203X. The single mutant T29A or
double mutant T29A/S97A failed to respond to phorbol myris-
tate acetate or GF109203X. In contrast, the S97A mutant
responded like cells transfected with WT Hy1. We conclude
that under these conditions, direct phosphorylation of the pro-
ton channel molecule at Thr*® is primarily responsible for the
enhancement of proton channel gating. This phosphorylation is
crucial to activation of the proton conductance during the res-
piratory burst in phagocytes.

Voltage-gated proton channels enable sustained superoxide
anion (O,) production by NADPH oxidase during the respira-
tory burst in phagocytes. NADPH oxidase generates O by
transferring electrons from NADPH in the cytosol across the
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membrane to reduce extracellular or phagosomal O, to O..
O, is the precursor to other reactive oxygen species that con-
tribute to killing microbial invaders. The consequences of
NADPH oxidase activity, in particular decreased internal pH
(pH,) and membrane depolarization, are counteracted by H*
efflux through open voltage-gated proton channels (1-6). The
activities of NADPH oxidase and voltage-gated proton chan-
nels are coordinated in several ways. The depolarization and
pH, decrease resulting from NADPH oxidase activity both
directly promote proton channel opening. In addition, inter-
ventions that activate NADPH oxidase profoundly enhance the
gating properties of proton channels (3, 7). This “enhanced gat-
ing mode” consists of four changes in proton channel proper-
ties, each of which increases the likelihood of channel opening
under any given set of conditions. The channels open faster
(smaller activation time constant, 7,.,)> and close more slowly
(larger deactivation time constant, 7,;), display increased max-
imum proton conductance (g, ,.,), and manifest a 40-mV
hyperpolarizing shift of the entire proton conductance-voltage
relationship (g,,-V). The enhanced gating mode improves the
efficiency of NADPH oxidase by minimizing the depolarization
required to open enough proton channels to fully compensate
the electrical consequences of NADPH oxidase activity (i.e. the
electron current) (5). Depolarization directly inhibits NADPH
oxidase (4, 8).

The enhanced gating mode is induced by PMA, an activator
of PKC, and is prevented and at least partially reversed by the
PKC inhibitor GFX (9, 10). Although these results suggest reg-
ulation by PKC phosphorylation, they do not clarify whether
the target of PKC is an accessory protein or the channel itself.
This study identifies phosphorylation sites on the human pro-
ton channel molecule and determines their involvement in con-
verting the proton channel to the enhanced gating mode. We
find that a single residue, Thr?®, in the intracellular N-terminal
domain appears to be responsible for inducing enhanced gat-
ing. Evidently, enhanced gating reflects a phosphorylated state
of the proton channel and does not require accessory proteins.

EXPERIMENTAL PROCEDURES

Plasmids and Retroviral Infection—Myc-tagged Hvcnl was
cloned by PCR in green fluorescent protein-bicistronic MigRI
retroviral vector. Hvenl T29A/S97A, T29A, T29D, S97A, and
S97D mutants were generated by site-directed mutagenesis of
wild-type Hvcnl sequence in MigRI vector using the Stratagene
(La Jolla, CA) QuikChange technology. Sequences of primers
used for mutagenesis are available upon request.

Lentiviral particles were prepared as follows. Phoenix «
packaging cell line was transfected with empty vector con-

3 The abbreviations used are: 7, activation time constant; ,,;, deactivation
(tail current) time constant; g, proton conductance; g,-V, proton conduc-
tance-voltage relationship; /,, steady-state proton current amplitude;
CGD, chronic granulomatous disease; GFX, GF109203X; H,1, the human
Hven1 voltage-gated proton channel gene product; PKC, protein kinase C;
PMA, phorbol myristate acetate; WT, wild type; BES, 2-[bis(2-hydroxyeth-
yl)amino]ethanesulfonic acid.
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trol and Hvcnl MigRI plasmids by Ca®* phosphate transfec-
tion. Viral supernatants were collected after 24, 36, and 48 h
and frozen at —80 °C until use. LK35.2 cells were infected by
spinoculation at 2300 rpm for 90 min in the presence of 4
pg/ml Polybrene (Sigma Aldrich, Dorset, UK) three times
over a period of 2 days. At day 3, highly green fluorescent-
protein-positive cells were sorted on a FACSVantage with
CellQuest software (Becton Dickinson, Oxford, UK) and used
for patch clamp studies.

In Vitro Kinase Assay—HEK-293 cells were transfected with
Myc-tagged Hvenl, Hvenl T29A/S97A, Hvenl T29A, and
Hvenl S97A MigRI constructs by Ca”>* phosphate. 24 h after
transfection, cells were harvested and lysed (1% Triton X-100,
20 mMm Hepes, 137 mm NaCl, 2.5 mm B-glycerophosphate, 1
mM Na;O, 2 mMm EDTA, protease inhibitor mixture (Sigma
Aldrich)) prior to immunoprecipitation with anti-Myc anti-
body (Cell Signaling Technology) conjugated to protein
G-Sepharose beads. Beads were then incubated in kinase assay
buffer (20 mm Hepes, 1 mMm EGTA, 0.4 mm EDTA, 5 mm MgCl,,
0.1 mm CacCl,, 0.05 mm dithiothreitol, 0.2 mg/ml phosphatidyl-
inositol, 2.5 mMm B-glycerophosphate, 1 um PMA, 40 mm PKC-6
(Cell Signaling Technology), 10 uCi of [ y-**P]ATP (GE Health-
care)) for 20 min at 30 °C, prior to being suspended in 2X Lae-
mmli buffer. Four-fifths of samples were loaded on an SDS-
PAGE that was then dried in a gel dryer prior to exposure to
x-ray film; one-fifth of samples was loaded on a separate SDS-
PAGE, transferred to nitrocellulose membrane, and immuno-
blotted with anti-Myc as loading control.

Electrophysiology—The recording and data analysis setups

were as described previously (11). Pipettes were made from
7052 glass (Garner Glass Co., Claremont, CA). Seals were
formed with Ringer’s solution (in mm: 160 NaCl, 4.5 KCl, 2
CaCl,, 1 MgCl,, 5 Hepes, pH 7.4) in the bath, and the potential
was zeroed after the pipette was in contact with the cell. For
perforated patch recording, the pipette and bath solutions
(~300 mosm) contained 130 mM tetramethylammonium meth-
anesulfonate, 50 mm NH, " in the form of 25 mm (NH,),SO,, 2
mMm MgCl,, 10 mm BES buffer, 1 mm EGTA and was titrated to
pH 7.0 with tetramethylammonium hydroxide. The pipette
solution included ~500 ug/ml solubilized amphotericin B
(~45% purity; Sigma); the pipette tip was dipped in amphoter-
icin-free solution. Experiments were done at 21 °C or at room
temperature (20-25 °C).
The 7,., was obtained by fitting the rising current with a
single exponential function, ignoring the initial sigmoid com-
ponent. The steady-state H* current (I,;) was extrapolated
using the fitted time constant. Deactivation was quantified by
fitting tail currents with a single exponential to obtain the 7,,;,.
The values obtained for I;; along with reversal potential mea-
sured in each cell were used to calculate the g,-V relationship.
Shifts in the g,V relationship were assessed using plots like
that in Fig. 2D and determining the shift by interpolation at the
smallest reliable g;, values (where the voltage dependence is
steepest). In some situations, the voltage at which time-depen-
dent proton current was first detected, Vi, csnoiar Was used as a
rough indicator of the position of the g,,-V relationship (12).

We routinely waited for stable recording conditions, added
PMA, and later introduced GFX and considered the re-
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sponse genuine if PMA increased and GFX decreased the
current. That the observed PMA responses were genuine
was strongly corroborated by their reversal by GFX. Thus,
although proton currents might increase due to improved
access through the patch membrane or other spurious causes,
it is unlikely that such increases would be reversed by GFX.
Cells that were judged, based on access resistance, to have
spontaneously entered whole-cell configuration were excluded
from analysis. Responses to PMA or GFX are presented as
ratios such that 1.0 means no response and a larger number
means a larger response. Thus, for PMA responses, I;(PMA)/
I,(control) and 7,.(control)/7, . (PMA) are given. For GFX
responses, [, (PMA)/I,,(GFX) and 7, (GFX)/7,.(PMA) are
given. Shifts in the g,,- V relationship were determined by inter-
polation of g;, values at voltages just above threshold.

RESULTS

In Vitro Kinase Assay for Phosphorylation—Fig. 1A shows the
positions of two candidates for PKC phosphorylation sites
tested here, Thr*® and Ser®”. These were identified by criteria
determined by Fujii et al. (13). Both occur in the N terminus on
intracellular regions of the human voltage-gated proton chan-
nel (H,/1) protein. It should be noted that because the structure
of the proton channel is not known, the proximity of these sites
to the membrane or to other parts of the channel is not estab-
lished. Phosphorylation of these sites upon PMA stimulation
was assessed in an in vitro kinase assay with recombinant
PKC-6. Fig. 1B shows that phosphorylation was reduced signif-
icantly when compared with WT H,,1 for either single mutant
S97A or T29A. Phosphorylation was further reduced in the
double mutant T29A/S97A, which supports the conclusion
that both sites are phosphorylated by PKC-6.

Electrophysiological Measurements of Enhanced Gating—
Identifying sites that might contribute to enhanced gating
requires an expression system in which expressed proton chan-
nels respond to PMA. Although proton channels in human
neutrophils and eosinophils respond dramatically to PMA (7,
14), HEK-293 cells transfected with the proton channel, Hvcnl,
do not respond (12). However, we found that when Hvenl is
expressed in the B lymphocytic cell line, LK35.2, the resulting
proton current responds to PMA in a manner qualitatively like
the response of human phagocytes (Fig. 2F). An advantage of
the LK35.2 B lymphocytic line is that cells that were not trans-
fected or transfected with empty vector had no detectable pro-
ton currents (n = 8), whereas LK35.2 cells transfected with
Hvenl expressed large proton currents (Fig. 24). The experi-
mental approach is illustrated in Fig. 2F. Test pulses were
applied, and then PMA was introduced, after which the proton
current amplitude I, increased progressively over several min-
utes. On average, [, increased 2.4-fold during test pulses (Table
1). After application of a voltage clamp family and measure-
ment of the reversal potential, V.., test pulses were again
applied. Then GFX was added to the bath, and the enhanced
proton current was progressively reduced toward its amplitude
before stimulation.

In each experimental condition, we applied families of depo-
larizing pulses, as illustrated in Fig. 2, A-C, to characterize the
response in greater detail. Fig. 2D shows that PMA increased g;,
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12 cells studied. However, the S97A
and S97D mutants did respond
(Table 1). Combined, these results
strongly implicate Thr*® as the key
phosphorylation site on the human
proton channel.

If Thr*?isthe primary phosphor-
ylation site, then the designed

g phosphorylation mimic T29D might

already appear “activated,” in com-

0O parison with WT channels. In this

o 230 scenario, the expectation would be

OEOPOREEAOQ, that the threshold voltage, Vi, eanoras

250 ™  would be more negative than WT.
KOG

Examination of Vi ..oq for such
an effect revealed that the WT
channel was first distinctly activated
at +2.1 £ 2.2mV (mean = SE.,n =
17). Vireshola in T29D expressing
cells was —0.7 * 44 mV (n =7), a
small shift in the expected direction
but not significantly different. The
effects of PMA and GFX on individ-
ual cells are clearly evident because
each cell serves as its own control. In
contrast, detecting a small differ-
ence in properties between popula-
tions of unstimulated cells may not
be feasible. Alternatively, phosphor-
ylation mimics (X — Glu or X —

HVCN1

FIGURE 1. Identification of candidate phosphorylation sites in the human proton channel. A, location of the
two putative PKC-8 phosphorylation sites in the sequence of H, 1. Both predicted PKC-§ sites are in the N terminus,
with Ser®” near the membrane boundary. Boxed residues indicate helical transmembrane regions (37). B, phosphor-
ylation of H, 1 WT, T29A, S97A, and T29A/S97A mutants in the presence of recombinant PKC-8 and [y->2PJATP in an
invitro kinase assay. PKC-8 was activated with 1 um PMA. The mycimmunoblot indicates loading. EVindicates empty
vector control. The graph on the right-hand side represents densitometric analysis of the 2P band versus loading
control of 3-4 separate experiments (p < 0.05 for each mutant versus WT by Student's t test). Error bars indicate S.E.

and shifted the g,,-V relationship negatively. The mean shift of
the g,,- Vrelationship was —11 mV (Table 1). GFX reversed this
shift substantially. The rate of channel opening increased after
PMA stimulation; the time constant of H" current activation,

T,.o became twice faster. Fig. 2E shows that the proportional
change in 7, was similar at all voltages. GFX reversed the
change in 1, (Fig. 2E). The effects of PMA and GFX on proton
channel parameters are summarized in Table 1. In contrast
with the responses of proton currents in human phagocytes,
there was little slowing of deactivation (7,,;)). The differences in
the PMA responses of LK35.2 cells when compared with
human neutrophils may reflect the lack of NADPH oxidase
activity in LK35.2 cells (15) (see “Discussion”).

Responses of Mutant Proton Channels—The two candidate
phosphorylation sites were mutated to Ala individually (S97A
and T29A) and together. We also studied mutants S97D and
T29D designed as phosphorylation mimics. LK35.2 cells trans-
fected with the double mutant proton channel (S97A/T29A)
never responded detectably to PMA or GFX (n = 15). Similarly,
no response was detected in the T29A (Fig. 2G) or T29D
mutants, with the exception of a possible small response in 1 of

AV EN
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T29A

S97A T29A/S97A

Asp) are not always distinguishable
from simple alanine mutants (X —
Ala) (16).

The lack of response of Thr*
mutants suggests that the entire
phosphorylation response is ascrib-
able to phosphorylation of Thr*’
However, we compared the responses in Ser®” mutants statis-
tically to test the possibility that Ser®” might contribute mea-
surably to the response (Table 1). Although the enhancement of
proton channel gating by PMA and its reversal by GFX tended
to be larger in WT controls than in Ser®” mutants, the differ-
ence failed to reach statistical significance for any parameter
(whether S97A and S97D were compared with WT separately
or together). However, the probability that all eight parameters
would exhibit smaller responses in S97X than WT is <0.01.
Thus, we cannot rule out that Ser®” may play a minor role or
affect other functions of the channel. However, it is clear that
phosphorylation of Thr*® is the major contributor to the
enhanced gating of proton channels.

DISCUSSION

Voltage-gated proton channels are necessary for a normal
phagocyte respiratory burst; NADPH oxidase activity by neu-
trophils, eosinophils, monocytes, macrophages, B lymphocytes
and PLB-985 cells is greatly reduced when proton currents are
inhibited by Zn®*" or other polyvalent metal cations (4, 9,
17-22) or when the proton channel is removed genetically (23—
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25). Proton channels and NADPH oxidase are both activated dur-
ing phagocytosis, but their interaction is complex, and the
mechanism remains controversial (15). The idea that the pro-
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FIGURE 2. Enhanced proton channel gating elicited by PMA and reversed
by GFX in an LK35.2 cell. A-C, families of proton currents during pulses in
10-mV increments up to +40 mV in an Hvcn1-transfected LK35.2 cell before
(A) or after PMA stimulation (B) and after GFX (C). D, the steady-state g,,, cal-
culated from the currents in A (H), B (O), and C () after fitting to a rising
exponential, using reversal potentials measured in each solution. E, 7, val-
ues in the same cell are faster after PMA, but the effect is reversed by GFX.
F, time course of PMA and GFX responses in the cell in A-E, with test pulses
to +10 mV repeated every 38 s from a holding potential of —40 mV. During
the break in the time course, after the addition of PMA, the family of currents
in Bwasrecorded. G, proton currents during pulses to +20 mV repeated every
20 s from a holding potential of —40 mV in an LK35.2 cell transfected with the
T29A mutant channel did not respond to PMA or GFX.

TABLE 1

Effects of PMA and GFX on proton channel parameters (mean = S.E. (n))

ton channel is part of the NADPH oxidase complex (26) and is
thus active de facto during NADPH oxidase activity (3) appears
untenable in light of the demonstration of NADPH oxidase-
generated electron current in phagocytes from Hven1-deficient
mice (6). Another view is that these two molecules are activated
independently but by similar pathways (10).

The suspicion that voltage-gated proton channels in leuko-
cytes are activated by PKC phosphorylation (10, 27, 28) is
strongly supported by the present results. Furthermore, our
data indicate that the channel protein itself is phosphorylated.
The in vitro kinase assay detected phosphorylation of both
Ser®” and Thr**. However, in our experimental system, Thr*®
appeared to be responsible for the entire measurable response
of proton channels. T29A or T29D mutants did not respond to
PMA, nor did the double mutant T29A/S97A. In contrast,
S97A or S97D mutants did respond to PMA, although their
response may have been slightly weaker than that of WT chan-
nels (Table 1). These results do not resolve the physiological
significance of phosphorylation of Ser®”. That Ser®” was phos-
phorylated, yet S97A and S97D exhibited no deficit, is not with-
out precedent. Many proteins have multiple phosphorylation
sites of which only a fraction exert specific functional effects.
For example, cardiac troponin T has four phosphorylation sites,
of which only one exhibited functional defects upon mutation
(16). Another protein with multiple phosphorylation sites is
p477"°*, whose phosphorylation is an absolute prerequisite for
NADPH oxidase assembly and function. Individual mutation of
10 phosphorylated serines revealed just one mutation, S379A,
that abolished activation, five Ser — Ala mutations that inhib-
ited activation by ~50%, and three that had no effect (29).

In future studies, we will attempt to identify the PKC isoform
that phosphorylates the proton channel. By criteria determined
by Fujii et al. (13), Thr* is a likely PKC-3 site, but ScanSite
identifies Thr*® as a possible target for cAMP-dependent pro-
tein kinase, PKC-u, Akt kinase, or calmodulin kinase. Ser®” is
also identified by criteria determined by Fujii et al. (13) as a
likely PKC-§ site, but ScanSite identifies Ser”” as a possible tar-
get for PKC-a, PKC-, or PKC-vy. PKC-8 appears to be impor-
tant in responses of human phagocytes (9, 30 —32) and murine B
lymphocytes (33, 34).

Proton channels studied in perforated-patch conditions in
human neutrophils, eosinophils, monocytes, and to a lesser
extent, in basophils, respond dramatically to PMA (7, 12, 14,
35). In contrast, proton channels in other cells, such as rat alve-

Relative values of proton channel parameters in each cell before (¢ = control) or after PMA stimulation and after GFX reversal are shown. All ratios are presented so that
a larger number means a larger effect. The g; -V relationship shift by PMA is relative to control, and GFX is relative to PMA (see “Experimental Procedures”). The T29A,
T29D, and double mutant T29A/S97A did not respond. Significance by one-sample ¢ test, *, p < 0.05, **, p < 0.01, compared with no effect (1.0 for ratios, 0 for g,,-V shift).
None of the differences between WT and S97D or S97A are significant (Student’s ¢ test). For comparison, average parameter values from human neutrophils from CGD
patients and normal subjects from a previous study (36) are given in columns 4 and 5, respectively.

wT S97A or S97D CGD neutrophils Neutrophils
1,,PMA/c 2.39* + 0.51 (10) 1.42** + 0.13 (12) 2.55 3.3
1,, PMA/GFX 2.19* + 0.37 (12) 1.22 = 0.11 (8)
Toet /PMA 2.12 = 0.53 (10) 1.62** + 0.15 (12) 1.94 3.7
7. GEX/PMA 1.87% + 0.22 (12) 1.51* = 0.21 (8)
Tan PMA/c 1.22 = 0.11 (10) 1.13 £ 0.067 (12) 1.15 5.5
T PMA/GFX 1.54** + 0.17 (13) 1.14 = 0.06 (8)
gV shift PMA (mV) —10.7* = 1.9 (7) 7.8 = 1.6(8) -13.3 —38.8

g,V shift GEX (mV) 9.4* + 1.6 (8)

6.7 + 1.2 (7)
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olar epithelial cells (7) or HEK-293 or COS-7 cells transfected
with Hy,1 (12), do not respond at all. Hypothetical explanations
for this variable response in different tissues include (a) differ-
ent proton channel isoforms, (b) different signaling pathways,
and (c) regulation of the channel by a separate molecule whose
phosphorylation modulates proton channel behavior (15). Our
results do not support the existence of a separate regulatory
molecule (other than NADPH oxidase; see next paragraph).

Proton channels expressed in the B lymphocytic cell line
LK35.2 were found to respond qualitatively like those in pri-
mary leukocytes, but the response was substantially less pro-
found (Table 1). Each of the four main responses is weaker in
LK35.2 cells than in neutrophils, but the most obvious dif-
ferences are the lack of profound slowing of channel closing
(Ten) and the smaller hyperpolarizing shift of the g;,- V relation-
ship. The requirements for a full phagocyte-like proton channel
response are unclear. Circumstantial evidence suggests that a
crucial factor is the presence or absence of NADPH oxidase
activity. Neutrophils from chronic granulomatous disease
(CGD) patients lack functional NADPH oxidase and also
exhibit a reduced PMA response with no slowing of 7, and
only an ~10-mV hyperpolarization of the g,-V relationship
(36). The responses of proton channels in LK35.2 cells were
essentially identical to the responses in CGD cells (Table 1) and
in PLB-985 cells lacking gp917%°* (36). We did not detect elec-
tron current in PMA-stimulated LK35.2 cells, consistent with
low levels of NADPH oxidase activity (23). Human basophils
also lack NADPH oxidase and exhibit PMA and GFX responses
smaller than those of neutrophils or eosinophils and specifically
lack a slowing of 7;; (35). Thus, it is clear that a proton channel
response is possible without NADPH oxidase, but the response
differs in characteristic ways from that in cells with NADPH
oxidase activity. The alternative postulate, that proton channels
are preferentially phosphorylated by specific PKC isoforms that
are more active in phagocytes, does not explain the meager
response of CGD neutrophils (Table 1).

In summary, enhanced gating of H,,1 is primarily the result of
phosphorylation at Thr*® by PKC. The magnitude and specific
characteristics of the PMA response in LK35.2 cells closely
resembled that in other cells lacking NADPH oxidase activity,
suggesting that a crucial interaction between these molecules
occurs in phagocytes. The identification of the location of the
key phosphorylation site that activates phagocyte proton chan-
nels provides a rational target for modulation of innate immune
responses.
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